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DYXAMIC CHARACTEBISTICS OF A SINGI;E-SPOOL TURBOJFT E N G m  

By.R. T. Craig, George Vasu, and R. D. Schmidt 

Operation of a single-spool  turbojet  engine with variable  exhaust- 
nozzle area was  investigate:  over a range of altitudes at a constant 
flight Mach number. Data w e r e  obtained by subjecting the engine t o  
approximate step  disturbancee i n  the independent  variables,  and the 
information  necessary t o  effect a l inear ized  f i rs t -order   descr ipt ion of 
the engines dynamic operation w a s  obtained. 

The generalized dynamic charac te r i s t ics  were l i t t l e  affected by 
operation at d i f fe ren t   a l t i tudes   bu t  did vary  with  rotational  speed and 
exhaust-nozzle mea. The engine time constant was not  noticeably 
affected by the s i z e  and the  direct ion of the fuel flow disturbance  used 
i n  i ts  determination,  but the rise r a t i o s  of the other dependent var i -  
ables were. The data indicated that these step-size effects may be 
attributed  largely  to  conibustion-efficiency changes during off-  
equilibrium  operation. The use of the l inear ized  f i rs t -order   descr ip-  
t i on  of the  engine was found to  give  acceptable  accuracy  for only very 
small independent variable  disturbances. 

c 

INPIODUCTION 

Analysis of turbojet-engine  control  systems  can be siqplified 
through  the  use of analytical   techniques  in which pa r t   o r  a l l  of the 
physical  system is replaced  with i t s  mathematical  equivalent. A par- 
t i cu l a r ly   a t t r ac t ive  feature of t h i s  technique is that many character- 
i s t i c s  of a complete control  system  can be determined  and  studied  with- 
out the necessity of operating the engine  under actual  or  simulated 
fl ight  conditions.  The design of an integrated  control  system  for a 
turbojet  engine  requires, however, a knowledge of the  W a m i c  charac- 
t e r i s t i c s  of the engine. 

The mode of engine  operation under  examination largely will deter- 
mine the type of analy t ica l  approach  used. If only s t a b i l i t y  and re- 

description of the engine i n  matrix  form  can be very  useful  (refs.  1 t o  
3). Determination of the   e f fec ts  of  afterburner  operation on the 

cription  can  be  used  advantageously. 

- sponse t o  small perturbations are cmsidered, a linearized first-order 

. primary  controlled  engine i s  an example i n  which this mathematical des- 
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In initiating  an  experimental  control program on a new or unexplored 
turbojet  engine,  it--is  possible,  on  the  basis  of  previous  experience  with 
related  types,  to draw a general  picture of the  characteristics  of  the f 

engine  to  be  studied.  The  s.tatus of' information  available  on  turbojet- 
engine  dynamics  at  the  start of the  investigation  covered  herein may be 
summarized  as  follows: 

_I 

. .  

Engine  time-constant  values  essentially  are  independent  of  whether 
they are- determined  by  the  u8e offuel flow or  exhaust-area  step  distur- 
bances.  Generalized  values of t h e  constants,  gains,  and  rise  ratios 
vary  with  changes  in  engine  rotational speed but are invariant  wlth 
changes  in  flight  altitude.  Effects of size of step  disturbances  on  time 
constants  have  not  been  noticed  in a limited rider of studies,  and no 
effort has been  made  in  exploring  the same effects on rise  ratios  (ref. 4 ) .  
Operation  at  different  exhaust-nozzle  areas  does  not  affect  time  constant, 
and  area  effects  on  gains  and  rise  ratios  have  not  been  fully  explored. 

The  information  presented  in  this  report  will  substantiate many of 
these  concepts  and  refute  Others.  Particular  attention will be  directed 
to  the  areas  that  have  received  little  previous  investigation. 

The  objectives  of  the  work  reported  herein  are  to  delineate  the 
regions of applicability of the  linear  representation  of  the  turbojet 
engine  and to discuss some of the  diffkulties  that  may  be  encountered 
in  its  use. In addition,  the  investigation  iiiuetrates.the  degree  to 
which  various  parameters will generalize for changes  in  flight  condition, 
the  extent  to  which  the  dynamic  characteristics  such  as  time  constants 
and  rise  ratios  are  affected by variations  in  the  size  and  direction  of 
an  input  disturbance,  and  the  amount  that  the  dynamic  terms  used  in  the 
description  of'the  engine will vary  with  changes  in  exhaust-nozzle  area. 

A single-spool  turbojet  engine was installed  in  the  altitude wind 
tunnel  at-the NACA Lewis  laboratory  and  Investigated  at a Mach number of 
0.17 at  altitudes  of 15,000, 35,000, and 45,000 feet.  From  the  experi- 
mental  program,  information  sufficient to permit a linear  description  of 
the  engines  dynamic  behavior  over a range of flight conditions was 
obtained. 

.. . . 
s 

Previous  investigations  (refs. 1, 3, and 4 )  have  demonstrated  that 
for stability  and  small-disturbance  studies a set  of  linearized  first- 
order  differential  equations may be  used  to  represent  the  dynamic  behavior 
of a turbojet  engine.  Therefore,  the  rotational-speed  response of the 
engine  to  variations  in  fuel f l o w  and  exhaust-nozzle  area m y  be expressed . 
by  the followlng equations: 
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(The synibols used are defined i n  appendix A.) If a general  output 
o r  dependent variable X i s  considered, i t s  response t o   f u e l  f l o w  and 
exhaust-nozzle-area  perturbations may be  expressed by the  following: 

% 
(d 
P 

Compressor-discharge  pressure,  turbine-discharge  pressure,  net 
th rus t ,  and  turbine-discharge  temperature may be  expressed in   the   genera l  
form of equation (3) . 

c 

A convenient  arrangement of these  equations i n  matrix form is  shown 
i n  f igure 1, and the  mathematical  analysis i s  discussed i n  d e t a i l  i n  

for  a par t icu lar  dependent variable.  The solution is understood t o   b e  
the  input   to  each colump mult ipl ied  by  the  coeff ic ient   in  that column 
with  the summation carried  out  across  each row. The terms shown i n   t h e  
f i r s t  two columns of the  matrix  are  partial   derivatives  evaluated  with 
respect   to  one independent variable  while a l l  others  are  held  constant.  
These terms may be  obtained as the  slopes of steady-state curves. The 
par t ia l   der iva t fve  t e r m s  i n  the   th i rd  column of the  matrix  give  the  time 
var ia t ion of the  particular  parameter,  are evaluated  with a l l  independent 
variables  held  constant, and must be  obtained by use of t ransient  data. 

c references 2 and 3. Each horizontal  row of the  matrix  gives a solut ion 

The t i m e  var ia t ion of rotational  speed can  be  characterized  by a 
f i r s t -order  tine lag; therefore,  the  use of a time constant i s  permitted. 
The time constant i s  proportional  to the polar moment of i n e r t i a  of the  
ro ta t ing  members and i s  inversely  proportional t o  t he  rate of change with 
speed of the  difference  in  torque  generated by the  turbine and tha t  
absorbed by the  turbine and that absorbed by the compressor. It i s  

definea as z = - a ~ r .  The time constant also may be  considered  to I 

be  the time required  for  63 percent of any given change i n  speed t o  occur 
i n  response t o  a step  disturbance i n  an  independent variable.  
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If s o  desired, equations (1) t o  (3) may be manipulated  into  trans- 
fer function form. The response of speed  and the general  dependent  vari- 
able X in   t ransfer   func t ion  form are given by the  following  equations: 

The values a and b are rise r a t i o s  and are a r a t i o  of the i n i t i a l  
rise t o  the f i n a l  change i n  a dependent variabxe  caused  by  either a f u e l  
flow or an area disturbance (ref. 4 ) .  The two sets of equations ((1) and 
(3); (4) and (5)) are related by the  following expreeaiom which give 
the rise r a t i o s   i n  terms of par t ia l   der ivat ives:  

In  these  equations  the rise r a t i o s  a and b and the   pa r t i a l  

derivative 

Since  the  derivative is comn  to   bo th   equat ions ,  i t  is  evident 

ax are the terms that are evaluated from t ransient  data. =lw,P. 

that, once the rise ratfo for e i the r  an area o r  a fuel flow input is 
determined,  the  other rise r a t i o  can  be  calculated  without  the need For 
fur ther   t ransient  data. A p i t f a l l   i n   t h i s   c a l c u l a t i o n ,  however, i s  that 
the  desired result i s  contained i n  a small difference between two num- 
bers of the  same approximate size.  Therefore, any error6 made i n  t h e  
experimental  determinawon o f t h e   d e r i v a t i v e s  or rise ra t io$  become 
greatly  amplified when the   resu l t s  are obtained. 
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* The information  presented i n  this report  was obtained  from a turbo- 
je t  engine having a single-spool  axial-flow compressor,  an  annular com- 
bustor, and a variable-area  clam-shell-type  exhaust  nozzle. A t  s t a t i c  
sea-level rated conditions,  the compressor pressure  ra t io  w a s  approxi- 
mately 5 and th s   ro t a t iona l  speed was 7260 rpm. For the experimental 
program, the  engine w a s  wing mounted i n   t h e  test  section of the  NACA 
L e w i s  laboratory  a l t i tude wind tunnel. !i 

a, The engine m s  instal led  with a b e l b u t h   i n l e t   i n  order t o  obtain 
equivalent  f l ight speeds  by  use of the tunnel  drive  system  rather  than 
by an i n l e t  ram pipe.   Util ization of the  tunnel drive system has the  
advant-e that essentially  constant  f l ight  speed can be maintained during 
transient  operation. However, at the time of the  experimental program, 
d i f f icu l t ies   wi th   the  drive system limited  the lrraximm f l i g h t  Mach nun- 
be r   t o  0.17. 

The basic  type of disturbance  used was  an approximate s teg change 
in f u e l  flow. In   o rder   to   ob ta in  such  disturbances, the fuel   valve and 
the  pmqing system furnished  with  the  engine w e r e  replaced by a f u e l  
pump driven  by  an  electric motor and a fuel  valve  specially  designed  to 
obtain  short  response t i m e s  and good steaw-state stability over a wide 
range of fuel  f lows. 

r 

A l imited  umber of exhaust-nozzle-mea  disturbances  also were 
included in  the  experimental  procedure. These disturbances were obtained 
by introducing a s tep  change in the  signal  to  the  electronic-hydraulic 
nozzle  actuator. 

I 

For  each  transient  run, the engine was allowed to  reach a desired 
equilibrium  fl ight  condition and then w a s  subjected  to  a step  disturbance 
in  either  fuel  f low  or  exhaust area. Following this  disturbance  the 
engine would acce lera te   to  and level out at a new equil€brium  condition. 
The t ransients  were run i n  groups of steps from a given  condition, up t o  
a new equilibrium  value,  and  then  back d m  t o  the  start ing  condition. 
These  groups  were  repeated a t  a particular  value of a l t i t ude  and  exhaust- 
nozzle area un t i l   t he  complete  speed  range was  covered  and  then were 
repeated a s u f f i c i e n t   n W e r  of times so that a l l  the desired conibinations 
of  a l t i t ude  and exhaust-nozzle  area were explored. A similar process w a s  
carr ied  out   for  the area  s teps   with  fuel  flow held  constant  in t h i s  
instance. 

Engine parameters w e r e  recorded  during  transients on two, s ix-  
channel,  direct-inking  oscillographs. An example of a typical  engine 
response t o  a fuel  flow  disturbance i s  shown i n  figure 2. O n l y  the 
t races  under consideratlon i n  t h i s  report  are shown. Table I summasizes 

. 
* 
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the  instrumentation  used  to  measure’values i n  steady  state,  the  sensing 
device  used t o  measure the  variations during transients,  and the frequency . 
response of the  transient  instrumentation. A description of the  transient 
instrumentation i s  given i n  appendix B. - 

* 

As indicated  in  the aection,.ElYGllPE DYNAMICS, the terms in the f iret  
two columns of the matrix of figure 1 can  be  evaluated as the  slopes .of 
steaCiy-state  plots. For example, i f  the  gain of speed t o   f u e l  flow i s  z co 
considered, a se t . o f  curves of speed and fuel flow for the  desired flight 
condition is obtained and the  slope of a constant-area  line is  deter- 
mined at particular  values of speed and fuel  flow. I n  order  to  deter-  
mine how well a l t i tude  performance  can be predicted by use  of  sea-level 
data, the steady-state  characterist ics from each.fl ight  condition  are 
generalized  to a static  sea-level  reference.  Examination of the slopes 
of these generalized  curves will show whether.-or not generalization  holds. 
If the data does generalize,  then one se t  of curves  can be used for   the 
prediction of many fl ight  conditions.  

If the input  disturbances are sufficiently  close  to  st-eps and the 
instrumentation  effects are negligible, the tine constant and the r ise 
r a t io s  m y  be read direct ly  from the  experimental  results; however, t h i s  
i s  seldom possible. I n  order t o  overcome these  diff icul t ies ,  t he  use 
of semilog plots  of the dependent variables  against  t i m e  has proven t o  
be an  economical  procedure.  These  semilog plots  also  eliminate  errore 
introduced by the  curvilinear  coordinates of the original data, average 
out random reading  errors, and help  to  overcome any low signal-noise 
r a t io s  encountered. I n   a m t i o n ,   s i n c e  only r a t i o s  of values from each 
trace are used, e f fec ts  of calibration  errors are eliminated. For any 
particular  transient,   the  various dependent  vai-iables  can  be plotted as 
a group of para l l e l   s t r a igh t   l i nes  whose slope  contains  the  information 
necessary to  evaluate  the  engine  time  constant.  Departures from these 
straight  l ines  provide a measure of the systems deviation from a t rue  
first-order  linear  response. 

Determination of the par t ia l   der ivat ives  - ax l  i n  the third 
W,A 

column of figure 1 requires a somewhat  more  complex treatment  than does 
the time constant. These derivatives can be eifaluated  directly by taking 
slopes of the dependent vciables  during  transient  operation. This 
method, howeve%-while  very s t ra ight  fariniTT, does not have a useful 
degree of accuracy,__The poor accuracy  can be at t r ibuted t o  reading 
errors  in  obtaining  the  slopes.of  noisy  traces,  inherent  errors  in  deter- 
mining the  slopes of traces  recorded on a c~mvilinear coordinate  system, 
and diff icul t ies   in   cal ibrat ing  individual   t races .  

.L 
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Many of these  sources of error  can  be  eUslinated  or  minimized  if 
the  transient  data  are  evaluated  in  the  form of rise  ratios.  It  is 
reasonable,  therefore,  that  the  approach  to  the  determination of the 

derivatives - which  proved  successful  is  one  involvfng  the  use 

of  rise  ratios.  Once  the  rise  ratios  and  the  necessary  gain  terms are 
available,  the  desired  partial  derivatives  can  be  determined  by mnipu- 
lating  equations (6) and (7) into  the following expressions: 

a x l  W,A 

or 

The  application of equation 

w 

(8) or (9) w i l l  depend on whether fuel 
f l o w  or area steps  are  used  for  the^ transient  investigation. The gain 
terms  in  these  equations  are  from  slopes  of  well-defined  steady-state 
data,  and  the  rise  ratios a and b are  relatively  unaffected  by mny 
errors  normally  found  in  transient  information.  Therefore,  use of  these 
equations  results  in  one of the  most  accurate  methods  available f o r  - 
obtaining  values of - 

RESuI;TS AND DISCUSSION 

All the  terms of the  matrix of figure 1 w i l l  be evaluated,  and  each 
dependent  variable of the  engine will be  discussed  separately. All data 
considered will be generalized  to  static  sea-level  conditions,  and  the 
one-hundred-percent  values of all parameters  .except  exhaust-nozzle  area 
are  those  that  would  result from operating  the  engine  at  rated  thrust 
under  sea-level  static  conditions.  The  one-hundred-percent  value  of 
exhaust-nozzle  area  is  defined  as  that  equal  to  the  turbine-exit mea. 

\ 
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Rotational  speed. - A steady-state map of the speed - f u e l  flow 
performance of the  engine-is  given  in  f igure 3. Data recorded at an 
a l t i t ude  of 15,000 f e e t  and a Mach number o f  0.17 are generalized  to 
static  sea-level  conditions. This f igure i s  given  only as a typical  
pattern,  because the generalized  data  taken at other  al t i tudes differ 
slightly  in  absolute  values.  The generalized  gains 09 speed-ko f u e l  

~ 

flow 3 (6) obtained from curves similar t-o those of f igure  3 a r e  
A 

given i n  figure 4 f o r  three altitudes  anbfour  exhaust-nozzle  areas. It 
i s  evident that the  generalized  gains  for  each area are invariant with 
al t i tude,   but  there i s  a def ini te   effect  of exhaust-nozzle  area,  partic- 
u l a r ly   i n  the low-speed  ranges. In the  'region above 89 percent  rated 
speed, the gains no longer have a large  variation with &ea and do not- 
change appreciably with speed. 

The second column of the  matrix is concerned with the area ef fec ts  
on speed. In the   interest  of simplicity, only one particularly  important 
region  of  area  perturbation, that of maximum speed, w i l l  be considered. 
For each  exhaust-nozzle  area, a particular  fuel  f low is  required  to 
a t t a i n  maximum speed and, of course, will vary x i th  flight conditions. 
In  addition,  largely  because of decrearjes in conitustion  efficiency with 
increased  altitude, the generalized fuel flows also will change (f ig .  5). 

The var ia t ion of the gain with area and a l t i tude  at the max- qw 
i m u m  speed points is i l l u s t r a k d   i n   f i g u r e  6. The data for   different  
areas are  evaluated as the slope of a constant  fuel  flow  line at the 
point of maximum spbed with the  constant  fuel flow  being  that-required t o  
reach maximum speed  at-rthe  particular  exhaust area. The decreasing 
sens i t iv i ty  of speed to   area changes as operation  progresses t o  the 
larger areas i s  c lemly  shown. 

Consideration of the engine time constant nox will complete the 
description of the  engine's  speed  relations. In figure 7 the  generalized 
time constants  obtained  at.various  altitudes and by different-size  steps 
i n   f u e l  flow and exhaust-nozzle  area are presented. These time constant-s 
were obtained at various  exhaust-nozzle d e a s .  The general shape of the 
curve is  that of a hyperbolic  function  but.-with a considerable  degree -of 
s c a t t e r   i n  the individual-  data  points. As i n  the case of the speed - 
f u e l  flow gains, l i t t l e   v a r i a t i o n   i n  time  constant  with  speed w a s  noticed 
i n  the range above 89 percent rated speed. An attempt w&s made t o  cor- 
r e l a t e  the apparent  scatter with alt i tude,   but the degree of sca t te r  at 
any one a l t i tude  w a s  of the same magnitude as that-at-all altitudes. 
Effort's to   cor re la te  the scatter.of  time-constant  values  obtained from 
fue l   s teps  with exhaust-nozzle  area and with the s i z e  and direction of 
the  s tep  a lso  fa i led.  
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.I 

Comparison of the  time constants  obtained from fue l   s teps   wi th   thsse  
from  exhaust-nozzle-area  steps  illustrates that there are no noticeable 

information  from  previous s t u d i e s .  Plus  and minus speed  changes up t o  
the  order  of 10 percent of rated values were uti l ized  during the program, 
and  over this range no departures from U e a r i t y  and no e f f ec t s  of s tep 
s i z e  w e r e  discerned i n  the speed  information. 

- differences due t o  the type of disturbance. This resu l t   subs tan t ia tes  

Compressor-discharge  pressure. - The s t e a d y - s t a t e   . d i a t i o n  of 
compressor-discharge pressure with  fuel  f low i s  shown in  figure 8. The 
form of these data 1s typ ica l  of a l l  altitudes  considered. The gains 

~- - 

a',/ 
& A  
fuel  f low  gains.  The generalized  gains are invariant with a l t i tude ,  show 
the largest  variation  with  exhaust-nozzle area i n  the low-speed range, 
and show l i t t le-  var ia t ion with speed i n  the high-speed  regions. 

shown i n  figure 9 follow  the same general  trends as the speed - 
1 

No deviation from the speed - exhaust-nozzle-area  pattern is observed 
aP, I 

i n   t he  gains . These generalized  values vary w i t h  a l t i t ude   fo r   t he  

smaller areas and then  essent ia l ly  become invariant w i t h  a l t i t ude   i n   t he  
large areas (fig. 10). As operation  progresses t o  the   l a rger  meas, area 
v a i a t i o n s  have less effect on the engine. 

L. I W 
8 

I n  figure l l (a )  the compressor-discharge-pressure rise r a t i o  d 
m for   var ied-s ize   s teps   in   fuel   f low and for   severa l   a l t i tudes  i s  p lo t ted  

against  generalized  speed. The data points  cover a range of exhaust- 
nozzle areas. These data points show a considerable degree of s ca t t e r  
and at f i rs t  inspection do not  necessarily justify the single  curve 
dram. Correlation of the apparent scatter with a l t i t u d e  and  exhaust- 
nozzle area w a s  e-lored,  but none could be ascertained. Such perfor- 
mance paral le led  the  character is t ics  exhibited by the  engine t b e  con- 
s t au t .  

A further attempt to   reso lve  the apparent  scatter vas made by con- 
sidering the effects of the fue l   f low  s tep   s ize ,  and the results of th i s  
investigation are shown i n   f i g u r e   l l ( b ) .  For 'chi's p lo t  of coqressor -  
ascharge-pressure r ise ra t io   for   fue l   f low  s teps ,  the data points of 
f igure  =(a) w e r e  used with the points  separated  into groups of plus and 
minus 2 percent  about a center  speed  value. With the 100-percent  center 
speed  group  used for   an example, the data poin ts   for  that par t icu lar  
group w e r e  obtained from f i n a l  speeds of 98 t o  102 percent , ra ted and were 
plotted  against  the s i z e  of t o t a l  speed change experienced by each . t ransient .  The p o i n t s   i n  any  speed group a r e   f o r  a umber of a l t i t udes  
and fo r  a n-er of exhaust-nozzle areas. I n  all the  ranges considered, 
there i s  an  essent iaUy  s t ra ight- l ine  re la t ion of rise r a t i o   t o   s i z e  of 

L speed  change. The larger  a s tep up t o  a f i n a l  speed, the smaller the 
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rise r a t io ;  and the larger a step down, the   larger   the  r ise   ra t io .  Such 
behavior holds throughout the  speed  range, becoming more pronounced at 
the maximum speed end,  and i s  evidence of definite  nonlinear performance. 

For infinitesimally small step  disturbance,  the  r ise  ratio i s  
defined by the  intersect ion of the  generalized  speed  lines of f igure l l ( b )  
with a ve r t i ca l   l i ne  drawn through  the zero-speed-change point 
(AN/Je' = 0). Transfer of these intersect ion  points   to   f igure =(a) 
defines  the  single  curve that i s  drawn. This  curve  represents the r i s e -  
ra t io   var ia t ion  with speed and holds only f o r  very mall disturbances; 
because  o-Pthe  excellent  correlation of the  apparent  scatter with s tep ; 
s i z e ,  it now appears t o  be well  defined. 

cu 

After the r i s e - r a t io  curve i s  defined and the speed and cmpressor- 
discharge-pressure  fuel f l a w  gains are  obtained,  the  partial  derivati,ve . .. 

. .  - 

may be  calculated by use of equation (6 ) .  Generalized  valuea of 

against  speed f o r  four exhaust-nozzle  =ea6 are given In f ig -  

ure 12. The calculation of these  values depends for good resulks on 
accurately  determining small differences between large numbers. Any 
errors  made i n  the  larger numbers will appear i n .  magnified  form i n   t h e  
desired answers; however, cross checks on the generalized  values of 
ap2 b -  

4 W , *  
i n   f i gu re  1 2  seem to  indicate   the.calculat ion . .. procedure  has a 

degree of accuracy  sufficient  to produce useful   resul ts .  One check is 
. .  

t o  examine the  generalized am information  obtained by takiug  point- 
lW,A 

by-point  slopes  of  the  transient  traces. The data obtained by this method 
do not  define  the same curves as i n  figure 12, but do substantiate  the 
general   characterist ics of the  results  obtained by the  calculation pro- 
cedur e.  

A more precise lnethod by which t o  check on the talc-ulation of 
ap2 . .  

, and i n  doing so check the  general  accuracy o f t h e  various gain 

terms as  well, i s  to  substi tute  the  value of '.I i n  equation (7) 

i n  order t o  ca lcu la te   the   r i se   ra t ios  f o r  %ea  steps.  Theoretically, 
because of t he  choked condition of the turbine- nozzles;. the compressor- 
discharge-pressure rise r a t i o   f o r  an area.   step  shoula b-e zero in the  high- 
speed  range,  and  the limited number of area  steps  taken  exhibit   this 
expected  behavior. . Therefore,. if the  calculated  values of compressor- 
discharge-pressure  r.ise  ratio  for  area  st-eps  are  zero for the top-speed 

W,A 

W,A 

d 

I 
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range,  the  experimental  information  can  be  deemea  sufficiently  accurate. 
A table of the  ratios  calculated  for  exhaust-nozzle-area  steps  at  maxi- 
mum speed  for four are=  and  two  altitudes is tabulated  as follows: 

I Exhaust  nozzle  area, percent  rated area 1 133 I 108 1 98 I 89 1 
I Rise  ratios,  altitude of 15,000 ft 10.03 I 0.03 I 0.07 I 0 I 
1 I 1 I I I 

1 Rise  ratios,  altitude of 35,000 ft 

pU1 these  rise  ratios  are  sufficiently  close  to zero to  support  the 
validity  of  the  use of the  experimental  data  in  the  calcula-t;ion  procedure. 

The  differeace  in  the  effects of step  size on the  rise  ratio  of 
compressor-discharge  pressure  and  engine  time  constant  brings  forth an 
important  point.  Previous  investigations  (ref. 1) have  shown  that  the 
stability of a controlled  engine  speed - fuel flow loop adequately  can 
be  predicted  by  use of a Unear first-order  representation of the  engine. 
Because  the  time  constant  of  the  engine  under  consideration  in  thfs 

can be predicted. If other  control loops a r e  considered, coqressor- 
discharge  pressure  with  fuel  flow,  for  example,  the  value of rise  ratio 
in calculations  is  open  to  question.  The  curve of zero-step-size  rise 
ritios  in  figure =(a) can  be  utilized  for  approximate  calculations of 
response  and  stability;  but  once  disturbances  other  than  very small ones 
are  considered,  cognizance  must  be  taken  in  the  calculation  procedure of 
the  rise-ratio  variation. This procedure  deviates fromthe simple line= 
representation  and mst be  used  for  disturbances  in  which  the  speed 
departs from equilibrium  by  more  than  two or three  percent.  The  first 
two  columns of the  rnatrix  would  still  be  applicable,  but  the  speed or 
time  effects  of  column  three would not.  It also is  possible  that  the 
time  constant of speed-time  traces have step-size  effects  that  are  not 
discernible  by  use of semilog plot  analysis.  Such  action  appears  probable 
in  that  the  parameters  having  the  lead-leg  form  such as coqressor- 
discharge  pressure  inherently  are  more  sensitive  to  initial  variations 
in  step  data  than are parameters,  such as speed,  having  the lag form. 

. report  did  not  vary  noticeably  with  step s i z e ,  its  speed  relation also 

Turbine-discharge  pressure. - The  performance of the  steady-state 
turbine-discharge  pressure  wlth  fuel flow is  shown  in  figure 13. From 

similar  curves,  the  gains - Z6 I%* of  figure 14 are  obtained. Here it 

is  seen  that  the  generalized  gains  are  invariant  with  altitude,  and  in 
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addition  they show l i t t l e   v a r i a t i o n  with exhaust-nozzle  area. The three 
areas  other  than  the  largest- have essentially  the same gains, and a l l  
the  area  curves show little variation over the   en t i re  speed  range. 

The generalized  gain "6 i n  fFgure 15 exhibits  the same 

character is t ics  as those  exhibited  by  speed and compressor-discharge 
pressure. The gains  vary  with  altitude and become essentially  constant 
i n  the  larger  areas.  The var ia t ion  with  a l t i tude is  mre noticeable i n  
t h i s  case, however, than  in  the  case of compressor-discharge  pressure. 

The rise ra t io s  of turbine-discharge  pressure for fuel   f low  s teps   are  
shown in   f i gu re  16. The plot  of r i s e   r a t io   aga ins t  speed change i n  
f igure 16(b) i l lus t ra tes   tha t   the   s tep-s ize  effects are considerably  less 
than  those  experienced  for  coqressor-discharge  pressure. If the change 
i n  speed  necessary t o  cause a cer ta in   percent   var ia t ion  in   the  r ise  
r a t i o s  of compressor-discharge  pressure is  considered, a coneiderably 
larger change i n  speed is  necessary t o  cause the same percent  variation 
i n   t h e  rise ratios  of-turbine-discharge  pressure. An additional cause 
of separation  can  be  noted  here, however. In the speed  range above 
87 percent rated, e f fec ts  of the  exhaust-nozzle axea become signif icant .  
I n  f igurel6(b)  the two nozzles that are 133 and 108 percent of the 
rated area  are  represented by the dot-dash  line-a, and the two nozzles 
tha t   a re  98 and 89 percent of the rated area are shown by the dashed 
l ines .  Below 87 percept  rated  engine speed, all areas are represented 
by the  solid  curves. These data show that, for any given  speed above 
87 percent  rated,  the rise r a t i o  at the small areas i s  noticeably lower 
than a t   t he   l a rge  areas. Both s t i l l  exhibit  the  step-size  characteris- 
t i c .  The  two curves i n   f i g u r e  16(a) a re  the zero-step-size  intercepts 
of the   l ines  of figure  16(b).  A single  curve is drawn in  the  region 
below 87 percent  rated  speed. The separation may be i n  four groups 
rather  than two, but  there was insuff ic ient  data t o  define any such 
action. The two areas i n  each group have a common character is t ic .  The 
two larger areas are larger  than  the  turbine-exit area, while one o p t h e  
two smaller areas is essentially  equal t o  the turbine-exit area and the 
other i s  smaller. This action suggests that  the place or manner i n  
which the engine chokes is t ied i n  with the rise ratios  obtained down- 
stream of the choked region. 

From the two curves of rise ra t io ,   the   par t ia l   der iva t ive  terms 

aa ap6 I W,A 
character is t ics  exhibited by compressor-discharge  pressure  are  followed 
by the  turbine-discharge  pressure. 

may be  determined, and they  are shown in   f igure  1 7 .  The general 

L 

Y 

I 

Met thrust .  - Previous  studies  had  indicated that the behavfor of 
net  t h r u s t  and  turbine-discharge  pressure would be  very  similar, and 
t h i s  was in   pwt  substant ia ted  herein.  

. .  
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The performance m p  of steady-state  scale  thrust   against   fuel  f low 
i s  shown i n  figure 18. These values  differ from  net  thrust  by the drag 
of the  experimental  installation, which was not  determined. The data 
for  the  exhaust  nozzle of 133 percent rated area cannot  be shown on the 
same coordinates  because  these  data were run with an in s t a l l a t ion  having 
s l igh t ly   d i f fe ren t  drag character is t ics .  

I n  figure 19 it can  be  seen that the generalized  gains of thrust  

z t o   fue l   f l ow - f l  are very simtlar t o  those of turbine-discharge 
cn 

pressure i n  the i r   var ia t ion  with speed,  exhaust-nozzle area, and alt i-  
tude.  For  constant-area  curves, no variations with a l t i t ude  are detected; 
and the three smaller areas of 89, 98, and 108 percent rated area have 
essent ia l ly   the  same values of gains. The area of 133 percent rated 
area has somewhat smaller gains  throughout the speed  range, and all 
curves show that th rus t  is increasingly  less  sensit ive  to  area changes 
in   t he   l a rge  areas. 

The thrust experimental  information was s o w h a t  limited, and 
t h r u s t  - exhaust-nozzle-area  gafns at top  speed were obtained only at 

two areas. Values of t h i s  gain ( ’> are shown i n  the following 

t a b l e   f o r  a f l l g h t  Mach  number of 0.17 and a t  rated engine ro ta t iona l  
speed : 

W E  

. 
Altitude, Exhaust-nozzle area, A 

E, sq i n .  
ft 530 I 483 I 

I 
aF percent ra ted  thrust  
aa -Iw percent rated area 

15,000 -0.273 -0.349 

35,000 - .284 - .355 
r 

As is  readily  seen,  these  generalized  gains  are  essentially  invariant 
with changes i n   a l t i t u d e  and seem t o  be similar t o  the patterns set by 
turbine-discharge  pressure. 

Further s imilezi ty  between the results of t h r u s t  and turbine- 
didcharge  pressure is evidenced in   the   th rus t - r i se - ra t io   resu l t s  
of figure 20. The r i se - r a t io  curve of figure 20( a) is defined by 
the intersections of the speed group lines f n  figure 2O(b) wfth a 
ver t i ca l   l i ne  dram through the zero-speed-change point. While 
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the form of this curve is  similar to  the  turbine-discharge-pressure 
information,  several  important  differences are apparent.  There i s  no 
separation  into two area curves i n   t h e  high-speed  range, and the  thrust  
ra t ioe  are  approximateiy 20 t o  40 percent lower at rated generalized 
speed  than the turbine-discharge-pressure rlse ra t io s .  I n  addition, 
f igure 20(b) i l lus t ra tes   tha t   the   percenhar ia t ions   in  thrust r i s e  
r a t io s  w i t h  s ize  of speed change are larger  than  the  variations 
shown i n   t h e   r i s e   r a t i o s  of turbine-discharge  pressure and are  more 
similar i n  s i z e  to   the  var ia t ions shown by compressor-discharge  pres- 
sure. 

The thrust   par t ia l   der ivat ive - general ized  to   s ta t ic   sea 
W,A 

l eve l  i s  presented  j.n"-figure 21. These curves are similar to those 
obtained fo r  compressor-  and turbine-discharge  pressures with respect 
to  variations  v5th  area and generalized  speed. 

reach maximums in the generalized  speed  range of 83 t o  96 percent rated 
speed. The trends of peak point with exhaust  area  are  not  consistent--- 
with area, however. .. . 

Turbine-discharge temperature. - The generalized data in   f igure  22 
i l lustrate   the  fact   that   the   s teady-state   character is t ics  of turbine- 

; cu 

discharge  temperature  .against  fuel- f l o w  are  somewhat unique i n  that - -  

increasing  the  fuel  flaw does not i n  a l l  ranges  bring about an increase 
i n  temperature.  Revers.alq. are experienced i n  the lower f u e l  flow  ranges. 

Because of these  reversals, the temperature - f u e l  flow gains 

experience  both  positive  and  negative  values as shown i n   f i g u r e  23. Con- 
sistent  with  the  other  gains  considered, the.generalizedtemperature 
gains  are  affectedby  exhaust-nozzle area and  speed, but  they a r e  invari-  
ant with a l t i tude .  Only one a l t i tude  was explored i n  the lower-speed 
range, however; and if data  from  difTerent  altFtudes were available i n  
this  region, f u l l  generalization . . -  may not  necessarily hola. 

In   f igure 24 the  generalized  gains of temperature to  area T6jw ($1 
3A 

are  presented. These generalized  gains  exhibit a consistent  variation 
w i t h  the exhaust-nozzle  area far the two altctudea  investigated, but- 
the two a l t i t ude  curves are displaced by an increasing amount ae opera- 
tion  progresses t a  the  smaller  areas. 

The information presented on temperature  gains  exhibits  character- 
i s t ics   tha t   essent ia l ly   fo l low  the   pa t te rns  set by speed,  compressor- and 
turbine-discharge  pressures, and thrust. Rowever, several  regions of 
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severe  l imitation are encountered when rise r a t i o s  a r e  used to determine 

the value of the t e r m  descriptive of the time behavior of t e m -  

perature.  Inspection of equation (6) shows that extremely large values 
of rise ratio,  both  negative  and  positive, may be  expected at low engine 

speeds mere the steady-state derivative 

- 
% lw,d 

= A  Y is near zero. In the 

eu upper-speed  region the  rise r a t i o  as experinrentally  determined is  close 
8 m to   un i ty  so that equation (6) again fails to  accurately  determine 

Because its rise r a t i o s  are such large numbers i n  the lower-speed 
region and so close to u n i t y   i n  the higher-speed  region,  temperature 
places  the largest demands on experimental  accuracy of any of the depen- 
dent  variable6  considered. However, experimental  conditions are such 
that the temgerature data as recorded a r e  affected by the largest amount 
of unresolvable  noise exhibited by any dependent variable.  Other param- 
eters such as thrus t  have lower signal-noise  ratios,   but the noise is 
largely caused by vibrations and  such effects can be elfminated  easily 
i n  the analysis of the data. 

An attempt w a s  made t o  circumvent some of the preceding d i f f i c u l t i e s  

i n  determining - i n  the following mmner: From experimentation of 

similar engines,  consideratlon of theoretical   aspects,  and e x d n a t i o n  of 
a l imited nmiber of area perturbations  for the engine  under  study, it i s  
expected that there i s  no inmediate &awe i n  turbine-discharge.tenqera- 
ture because of an  exhaust-nozzle  disturbance,  particularly in the high- 
speed  regions. Such action  indicates that the r i s e   r a t i o   i n   t u r b i n e -  
discharge temperature to an area step change i s  essent ia l ly   zero  in  this 
region.  Therefore, it can be seen  from the equation  for rise r a t i o  

aN aT61 W,A 

$1 
J -  can be determined if  the gains a 

and X W  aTs I a r e  hown and the  rise r a t i o  is assumed zero. Such computed 

values  obtained by u t i l i z ing  glrperimentally  determined 

gains  are shorn i n  figure 25. 
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Some corroboration of these computed r e su l t s  is available from 
experimental  transient temperature data taken  with  fuel flow steps.  The 

&6 par t ia l   der iva t ive  WJ was determined from the transient traces, 

and the generalized data are sham i n   f i g u r e  26. These values show con- 
siderably less scatter than any values  obtained  for rise rat ios;  but, 
although the data points show trends  for each area, they do not-Justify 
the  curves drawn. The curves drawn were determined  from the following 
equation: -1 aT6 = T I A  aT, - z l w , A  $ I A  where 

determined from steady-state data and is talren from f fgure 25. 

The calculated curties are within  the  scat ter  of the experimental data and 
have a consistent  variation with area that is essentially  supported by 
the individual area points.  Since the calculated.value6 agree with the 

experimental data, the values of 

t o  be of useful  accuracy. 

lA,N 

AJN $lA and are 

aN aT61 W,A 

aT61WJA 
i n  figure 25 are considered 

Close examination  of the - values  indicates that the s i ze  
: X I J N  

and the direction of the s t ep   i n   fue l   f l ow had a de f in i t e   e f f ec t  on the 
i n i t i a l  r ise i n  temperature, as it did on the other  dependent  variables 
considered. Due t o  the separation  into four areas, however, there  were 
insufficient data tn eliminate the step-size effects and thus  exactly 
to   spec i fy  the cwves.  

Examination  of a l l  dependent variables  considered  indicates that 
throughout the engine there is  a consistent  pattern set by  the  variation 
o-ise r a t i o s  with s i ze  of f u e l  flow disturbance. I n  comparison wlth 
an inf ini tes imally small step, a f i n i t e   s t e p  up t o  a final speed  gives 
smaller rise rat ios  and a step d m  gives larger rise ra t ioa .  Such a 
pat tern may be a conventional  nonlinearity, which w i l l  necessitate 
expressing the time hi6tory of'-a dependent variable as a function of 
f u e l  flow, area, and a time  derivative  of tbe dependent var iable .   In  
this case the equations used to   obtain the matrix  form no longer  apply, 
and f o r  very large disturbances a nonlinear analysis  undoubtedly i s  
necessary. 

Uti l izat ion of a nonlinear  mathematical  treatment may not- be 
necessary, however, i f  only medium-sized excursions, Lo p e r c e n b f   r a t e d  
speed o r  less ,  are considered. ..This may be done by  asswning that the 
s tep-s ize   effects  are largely  caused by combustion-efficiency  variations 
during  off-equilibrium  operation. Measured temperature  exhibited  step- 
s ize   e f fec ts ,  and it, i n  general, is a good measure of the t rue  energy 
input   to  the engine. I n  addition, a l l  the dependent variables have a 
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- 
very  consistent  variation  with  step  size.  These  characteristics  indicate 
that  the  assumption  of  combustion-efficiency  changes  during  transients  is 

of the same order  of  magnitude  as  the  engine  time  constant,  the  step 
effects  can be accounted  for. 

- reasonable. If this  efficiency  does  vary  with an effective  time  relation 

Accounting  for a combustion-efficiency  variation  during  transient 
operation  would  necessitate  an  addition  to  the matrix of  figure 1. The 
actual fuel into  the  engine  would  be  replaced  by  an  effective  fuel  input. 
This  input  would  be  obtained  by  operating  on  the  actual  fuel  flow  dis- 
turbance  by a lead--  transfer  function  and  then  introducing  this  value 
into  the  matrix  form.  Thus, with a fairly  simple  addition,  the  matrix 
form  can ’be  utilized  for  study  of  disturbances  up  to  the order of 10- 
percent  changes  in  rated  speed. 

Operation  of a turboJet  engine  with a variable  exhaust-nozzle  area 
was  investigated  at  altitudes  of 15,000, 35,000, and 45,000 feet  at a 
constant  flight  Mach rider of 0.17. From  the  information  obtained in 
these  studies, a summary  of  the  dynamic  characteristics of the  turbojet 
engine m y  be  made as follows: 

- 1. The  generalized  fuel  flow  gains axl of  the  dependent  variables, 
= A  

speed,  compressor-  and  turbine-discharge  pressure,  net  thrust,  and 
turbine-discharge  temperature,  were  invariant  with  changes  in  altitude. 

The  generalized  gains  of  exhaust-nozzle  area - ax of the same depen- 

dent  variables  were  found,  however,  to v&ry with  altitude.  The  genera- 
lized  tine  constants for both  the  fuel f l o w  and  the area steps  and  the ’ 

rise  ratios  for fuel  flow  steps  also  were  invariant  for  altitude  changes. 

aA w 

2. A l l  fuel  and  area  gains  were  affected  by  the  value of the 
exhaust-nozzle area. All area  gains  reached  minimum  values -In the  large 
areas. No area  effects  were  noted on either  ti=  constant or any  rise 
ratios  other  than  those  of  turbine  discharge.  The  turbine-discharge- 
pressure  rise  ratio  in  the  high-speed  range  varied  with  exhaust  area; 
the  smaller  areas  gave lower rise  ratios.  Turbine-discharge-temperature 
transient  information  was  presented  in  the form of an  initial  rise in 
temperature  to a  fuel  flow  step,  and  these  values a l s o  were  affected  by 
operation  at  various  exhaust-nozzle  areas. pU1 partial  derivatives of 
the form ax( were  dependent  on  exhaust-nozzle  area. 

aN W,A 
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3. Up to   the limit of speed changes investigated,  percent, the 
engine  time  constant w a s  independent of the s i z e  of step and no depar- 
tures  from l inear i ty  were discerned. The rise r a t io s  of compressor- 
discharge  pressure,  turbine-discharge  pressure, and t h r u s t  w e r e  affected 
by the s i z e  and direction of the  speed change. The data-.indicated  that 
these  step-size effects may be  attributed  largely  to  combuation-efficiency 
changes during  off-equilibrium  operation.  Consideration of-the individual 
parameters  gives  the  degree of r ise-rat io   var ia t ion  with  s ize   oratep  to  
be  expected i n  each  case. 

c 

$ 
4.  The use of r i s e   r a t i o s  does  not  appear t o  be an adequate  des- cu 

cr ipt ion of the time behavior of turbine-discharge  temperature. Use of 
the i n i t i a l  rise due. t o  a f u e l  flow step gave acceptable re6UI"j how- 
ever,  the  amunt of noise  encountered made the accuracy of the   resu l t s  
more questionable  than that of the  other dependent variables  consfdered. 

L e w i s  Flight  Propulsion Laboratory 

. .  

National Advisory Committee for Aeronautics 
Cleveland, Ohio 

"" 
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APPEKDM A 

SYMBOLS 

The following syzibols are used i n  this  report: 

A exhaust-nozzle area, percent rated area 

F net  thrust,  percent rated thrust  

E a l t i tude ,  f t  

I rotor  polar moment of i n e r t i a  

M engine  rotational speed, percent rated speed 

p2 coqressor-discharge  pressure,  percent  rated  pressure 

p6 turbine-discharge  pressure,  percent rated pressure 

Q engine  torque 

19 

6 complex Laplacian  operator 

T6 turbine-discharge  total  temperature,  percent rated temperature 

W f u e l  flow, percent rated f u e l  flow 

X general dependent variable 

6 r a t i o  of t o t a l  pressure at, engine  inlet   to  a reference  abso- 
lute  pressure,  at NACA standard  sea-level  conditions 

e r a t i o  of t o t a l  temperature a t  engine inlet t o  a re ference   to ta l  
temperature, at NACA standard  sea-level  conditions 

7 engine time constant,  sec 



20 

APPENDIX B 

NACA RM E53C17 

DESCRIPTION OF TRANSIENT INSTRUMENTATION 

Recording  equipment. - Engine parameters were recorded  during 
t ransients  on six-channel,  direct-inking, magnetic-penmotor oscillographs. 
Each channel  of  the  recorders was driven by e i ther  a d.c. or s t r a in -  
analyzer  type  of'amplifier, depending on the  parameter  being measured. 
Strain-analyzer  amplifiers were used  with  the  sensing  devices for pres- 
ewes ,   fue l  flow, and t h r u s t ,  while  d.c.  amplifiers wer-e used  with  the 
sensing  devices  for  speed,  temperature, and position. The frequency 
response of the  penmtors   in  combination  with either  type  oFamplifier 
is  essent ia l ly  f la t  over the range  from 0 t o  100 cycles  per second. The 
oscillograph  chart  speed was  12.5 millimeters (2- units)   per second. 1 

2 . " 

Timing  marks were introduced on certain  channels by remving  the 
signals from these channels,  before or  a f t e r  a transient,  simultaneously, 
by means of a switch. These marks serve a8 a means of alining  the  traces 
from different  recorders  and-for  detecting  sl ight  variations  in  the 
length of individual  pens. 

Posirtion  indication. - The posit ion of the  exhaust  nozzle was 
obtained'by  attaching a potentiometer i n  such a manner t ha t  i t s  mvable 
arm was an  indication of the  posit ion of the nozzle. A d.c.  voltage 
was applied  across  the  potentiometer so that a d.c.  voltage  indicative of 
position  appeared between the  mvable amn and either end of the  potenti-  
ometer. For the   t raps ien t   ind ica t ion ,   the   in i t ia l   l eve l  of the signal 
was cancelled  outby  series  addition of an  adjustable  voltage  opposite 
i n   po la r i ty  t o  tha t  of the  signal. This m s  done since it was desired 
-record only the  change.  during the  t ransient .  The Bignal  then was 
applied t o  a d.c.  aplplifier  feeding one channel of a recorder. 

The frequency  response of this c i r cu i t  w88 limited by that of the  
amplifier. and recorder. 

Turbine-discharge  temperature. - Turbine-discharge  temperature was 
measured by a number of 18-gage,  chromel-alumel,  butt-welded  thermcouples 
e lec t r ica l ly  connected i n   p a r a l l e l .  The signal from the- thermcouples 
was applied  to a magnetic amplifier  to  increase  the amplitude of the 
signal  without  the  introduction of excessive  noise o r  drift. The mag- 
netic amplifier w a s  followed by an adjustable  voltage  to  cancel out the  
i n i t i a l   - l e v e l ,  a t.hermocouple compensator, and a d.c.  amplifier  feeding 
one channel of a. recorder. . . .  

. " 

The thermocouple compensat.or i s  an e l ec t r i c  network which, when 
properly  adjusted, compensates for  the  thermal lag of the thermocouple. 
A detailed  discussion of the  basic  principles and circuitry  involved i s  
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given in reference 5. This device enables a faster response t o  be 
obtained  with heavy  thermocouple  wire than could be ordfnarily obtained 

couples are given Fn reference 6 .  
- with mall wire. Methods for determining the t h e  constant of thermo- 

ril 
8 
(3, 

The compensator w a s  set by placing  only one thermocouple i n  the 
c i r cu i t  and then  suddenly  plunging the thermocouple  from a cooled  shield 
into  the  hot  gas stream, effectively  subjecting  the thermocouple t o  a 
s tep change i n  temperature. The compensator was then  adjusted until the 
temperature trace recorded as nearly a s tep as possible. 

The frequency  response of t h i s  c i r cu i t  with the compensator properly 
adjusted i s  f la t  over the range  from 0 t o  5 cycles  per second at sea- 
l eve l  mass-flow conditions. 

Engine  speed. - An al ternator  on the engine  provides a voltage 
whose frequency i s  direct ly   proport ional   to  speed and varies from 300 t o  
800 cycles  per second  over the speed  range  normally  encountered. This 
s ignal  was used i n  connection with an  electronic  tachometer which w a s  
modified to  give  an  accurate  steady-state and suitable  transient  indica- 
t i o n  of engine  speed. 

The steady-state  indication is provided by a counting  circuit that 
counts the input  frequency  for a period of 1.2 seconds, which is accu- 

sented on a neon lamp display  panel  for a suitable length of time, a f t e r  
which the process i s  repeated. Although the count is  very  accurate, 
unless  the  frequency i s  high i n   r e l a t i o n   t o  speed, the  speed  cannot be 
precisely  defined.  Consequently,  the  alternator  signal was first  
applied  to two stages of full-wave r ec t i f i ca t ion  which increased the 
frequency by a fac tor  of four.  With this mdif icat ion,  the steady- 
state speed indication w a s  precise to within 1 r p m .  

- r a t e ly   s e t  by a crystal-controlled  oscil lator.  This count i s  then  pre- 

The t ransient  signal was  obtained by modifying  an exts t ing meter 
circui t   included  in  the instrument t o  provide a continuous  indication 
of frequency and,  hence,  speed. A d.c.  voltage,  proportional t o  speed, 
is  produced  by the modified meter c i r cu i t .  After cancellation of the 
i n i t i a l   l e v e l ,  t h i s  s ignal  was applied  to a d.c. amplifier feeding one 
channel of a recorder. 

The frequency  response of t h i s  c i r c u i t  i s  limited by a f i l t e r  cir-  
cu i t   requi red   in  the mdified meter c i r cu i t  and is essent ia l ly  f la t  over 
the range  from 0 t o  10 cycles  per second. 

Air pressures. - Transient measurements of ram pressure, compressor- . discharge  pressure, and turbine-discharge  pressure were made with the 
use of standard,  four-element,  strain-gage  pressure  pickups and s t ra in-  
analyzer-type amplifiers. A network in  the  analyzer  provides a means 
of adjusting the ini t ia l  output of the  amplifier so  that only the change 
need be recorded. 
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The pressure 
located box which 

pickups were munted  in  the wing sec t ion   i n  a centrally 
reduced the  effect  ofLengine vibration on the  pickups. 

. .  ". . - . ~. - 
The dy-namic response of these c i r cu i t s  i s  a function  opthe  diameter 

and length of the  tubing used t o  transmit  the  pressure  from  the  engine 
to  the  pressure pickup  and of the  density of the air. Design of tubing 
s ize  i s  outlined i n  reference 7. All tubing was experimentally  tested 
and adjusted  before  installation t o  give a frequency  response which i s  
e s s e n t i a l u  f la t  from 0 tw10  cycles  per second atl;ea-l&el  conditions. 

; Fuel flow. - The transient  indication of fuel  flow was obtained by N 

measuring the  pressure drop across an or i f ice  i n  the   fue l  l i n e  by  means 
of a differential  strain-gage  pressure  pickup. The operation of the 
pressure pickup> the same i n  this case as  for €hdse used t o  measure ... 

air pressures.  In order to   obtain a sufficien€Iy.large  rressure drop 
regardless of t he   fue l  f l o w ,  the .   s ize  of o r i f ice-used  was made variable 
by means of a remotely  controlled  positiohing system; The major Umirta- 
t ions on the  fuel  information  obtained.were  the mass and.capacitance 
e f fec ts  of the   fue l  aad  piping  system. These U t e d  t& u s e r u l f r e -  
quency range t o  0 t a 2  cycles  per second. The pressure measuring device, 
the  fuel  valve,  and the pressure  regulator  &cross  the  valve produced 
negl igible   effects   in  this frequency band. 

. .. 

. .  

Thrust. - The transient-thrust measurement, l ike  the pressure 
measurements, was. obtained with a st.rain-gage and strain-analyzer type .. 
of amplifier. In   this   case,  however, the   s t ra in  QFige is  bonded t o  a 
thrust  link attached from the  .emine  . to -'+&e mount.  The -engine i s  
supported i n  such a.manner that the   t o t a l   fo rce  of the.engine is trans-.  
mitted t o  the mount through this thrust  link.- 

T h e  frequency  response of t he   c i r cu i t   t o  a change in   t he  thrust 
link i s  limited by the recorder and q l i f i e r ,  but  the  response of t h e  
en t i re  system i s  dependent on the dynamics of the   ent i re  mounting 
system, which has  not  been  determined. 

. .  

- . . . . - . . 
" 
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TABLE I. - llmmlmmrnm wH7 
~ ~ 

Measured quantity 
~~~ ~ ~~~ 

Steady-state instrumentation 

Fuel flow Rotameter 

-ut-nozzle area Potenticmeter attached to rack and 
gear a~sembly and connected in 
e lec t r ic   c i rcu i t   to   g ive  Mica- 

meter reading converted to area 
t ion  on microammeter; micmam- 

Ram pressure 

Alka%ene manmetere Turbine-discharge 

krcury maaometera Capreasor-discbarge 

Water mammcters 

total pressure 

total pressure 
Thrust S d e  

Turbine-discharge 
connected to potentlcmwter-type total temperature 

Twcnp-four individual thermocoupler 

sfripchart record 

!l"lent instmmentation 
Sensor 

Aneroid-type pressure sensor, wlFh 
strain-gage element,  connected t o  
masure pressure drop across a vari 
able o r i f i c e  in fue l  line 

Control. feedback potentiometer 

Aneroid-type pressure 8en80r1 wlth 

Anemid-type pressure sensor, wlth 

Aneroid-* pressure EeasOr, with 

Strain gage mounted on etrain link 

strain--  el&rrt 

strain-gage element 

atrdn-gage el-nt 

attached to foNapa e w n e  

Six, paralleled, la-gage, chmmel- 
suspension 

alumel, buwvel&d thermocouples 
and e lec t r ic  network to cmpen- 
sate for themacouple lag 

Range over uhich 
requency response 

I s  essentially 
flat, 

C p a  

Undetermined 

0-100 

0-10 
a t  sea-level etatic 

0-10 
a t  sea-level s t a t i c  

0-10 
st sea-level  static 

0-100 

0-5 
st   sea- level   s ta t ic  
ahen used wlth prop 
a r l y  adjusted ccau- 
pensator 

908Z 
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F i g u r e  1. - Matrix form used in linemized  description of dynamic char- 
acterist ics  of turbojet  engine. 
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Figure 3. - Variation of generalized  engine speed with fuel flow. Altitude, 15,000 feet; Mach 
number, 0.17. N 
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Figure 5. - Variation of generalized fuel flaw with exhaust-nozzle area at  100 percent rated engine 
speed. 
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Figure 6. - Varlatlon of generalized gain of speed to area  vlth exhaust-nozzle area at 100 percent 
rated engine speed. 
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Figure 7. - Variation of generdieed eugine ti= conetent wlth engine speed. 
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Figure 8. - Variakion of generalized compressor-dLscharge pressure with fuel f l o w .  Altitude, t4 
15,000 feet; Mach amber, 0.17. 8 
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Figure ll. - Variation of rise r a t io  of cmpressor-disckarge pressure with generalized engine speed aod 
with englne speed change. 
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Figure 12. - Vaxlation of generalized  gain of compreesor-discharge pressure to speed vlth 
engine epeed. s 
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Figure 13. - Variation of generalized turbine-discharge pressure wlth fuel flow. 
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Figure 14. - Varidion of generalized ga€n of turbine-discharge  preseure t o  fuel  flow with engine speed. 
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Figure 15. - Variat ion at 100 percent rated englne meed of generalized gain of turbine-aiacharge p r 0 E S W e  

to mea with exhaust-nozzle area.  
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(b) Total change i n  generalized engine s p e d .  

FLgue L6. - Variation  of r l s e  r a t io  of turbine-discharge pressme with generalized engine speed an8 
engine a p e d  change. 
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Figure 18. - Variation of generdited scale thrust with fuel f low. Altltude, 15,000 feet; Mach 
number , 0.17. 
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Figure 21. - Variation of generalized galn of thrust t o  speed with engine speed. 
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Figure 22. - Variation of generalized turbIne4echarge tcmperatm with fuel flow. Altitude, 
15,000 feet; h c h  number, 0.17. 
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Figure 24. - Variation at 100 percent rated engine speed of generalized gain of turbine-dirrcharge temper- 
ature t o  area with exhaust-nozzle area. 
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Figure 25. - Variation of generalized partial  derivative of turblne-discharge temperature 

t o  speed with &ne speed. 
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F i g u e  26. - Variation of i n i t i a l  rise of generalized  turbine-discharge  temperature t o  fue l  
flow step disturbances with engine speed. 
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